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SECRET

+1. METHOD OF COMPUTING

Geperel Equations

The egurtions will e set up in terms of a right-
handed system of coordinates X, ¥, Z, such thet + X is the
direction of the horizontel component of initial velocity,
+ Y is the lateral direction to the righkt i¢s viewed from
above, gnd + Z is the downwere directinon. The pitch sngle
© is positive for the bomb txis B pointing ubove or for-
ward of the velocity direction V [sailing). The yaw zngle
is positive for B pointing to t.ie right of V as viewed
from above. The roll angle ¢ 13 the tngle of rotetion
around the longitudinal axis, tuken clocskwise whern looking
upwind. The relations invelved are iliustrated in Fig. 1.

The terrinology of the cruciform rzdiel fin type
bomb will be used throughout this discussjon, elthough the
equations apply eyuelly well to coiher models such &s those
with cylindriecel éhrouds. We use the terminoiogy of the
cruciform model merely because the horizontul eand verticel
fins provide convenient reference plenes, [Ls shown in Fig. 1,
the pitch .ngle O, and the yew :ngle ¥ cre both positive.
The plene BOA is in the plane of the verticzl fins, end the
plane VQA is perpendiculaer to the verticel fins.

In controlled flight, the bomb is wcted* upon by
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two forces: & pull down equal to the weight, and un
aerodynamic force which cin be resolved into three compo-
nents: & dreg D which is opposite in direction to V, &
11ft force L perpendiculsr to V end in the plene of the
vertical fins, end & side force S which 18 perpendicular
to V end in the plane of the aorizontel fins. Positive L
is in the upwsrd forward direction, «nd positive S is
toward the right. It is aasumcd that the air 1s aotion-
less with respect to the ground so tncc the velocity V of
the bomb 1s also 1ts velocity with respect tc the §1r.

The equations of motion &re:
2 v S
m =-D(-‘-,‘)+L(%‘)+s(-sl)

S e R )

v L 8
=mg -D (F) + L (P +8(F

D = cgv?

L = cyv? (2)

8 = cav?
Primes are used on the C coefficients to distinguish thems
from the true 1lift und dreg coefficients.

2 c c L CL . &
= . —,P v, + -_L vz(-fi) + —mﬁ \"(-53)

c o] L C B
= -;bwy +-ii'v2(-i!) + -fvz(-sx)

2 c c L G s
Cpee-dw,deln Reey




I =

Minus signs sre introduced in the definitions (4) in such
& wey as to minlmize the number of minus signs appearing in

the finel cowputation.

= -A+B-C LY, = (-A3B-C) O¢

=-D¢+E+F av, = (-D+E*F) At (5)

= g-0-H-~1 av, = (g - G-HA-1) &t

The average sign merns the averzge vulue during
the time interval At. It is convenlent to let At = 1.0 sec.
: t-1,t
Vx,t = Vx,t-1 + (FE#BC) "7
==\ t-1,¢
Yy, = Vy,p-1 + (-D¥ERF) "7 . ()
Vz’e = vz,e-l + 32.2 + (=G-H-1) ’
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A=y t-1,t
Xe = Xeey * Yy -1 * z(-2+B c)t l't -
- yb-
Yo = Yy * Ve * 2T b

et t
Zp =2y t Va1t 16.1 + 3(-G-B-T) """
¢ o %
The coefficients T mr wm &re computed from

wind tunnel measurements end the weight of bomb snd plotted
for & series of pitch and y=w sngles as & function of alti-
tude. The gqusrtities V&, Vy, vz snd V are &t each step in

the celculation known for the previcus instant t-1. Thﬁ
8 L
ratios (;f), %), (§9), etc., ave determined by 6, ¥, Vg,

V,, V, end the roll angle restrictilons, for example the
gyro restrictions if the roll angle is waintuined by &
directional gyro.

Case I. Two Dimensional Trajectory in the XZ Plane. FKange
Variation Only.
It is assumed thet the initisl velocitylis in the

XZ plane, the rudder angle 5% = 0, &nd the gyro maintains ¢t he
verticsel fin in %he XZ plene. Equaticns (6) and (7) become:

V%,t = Vx,e-1 * &)Lt

Vet = Vg eo1 * 32:2 - (GFE) =40

g = Xy + V02 * L A
+ 16,1 - 2(GFE) -1t

(9)

(10)

zt = zt_1 + v
8ince fcr this case the 1ift force vector L lies

in the XZ plene perpendicular to V

g,t-1




A-?va
-k - dw,
G.Snb_c_:rl . .
g=- - vz(-ff)=+-£th

& schedule for the "renge only"™ type of calcula-
tion is illustrsted by the cslculstions for the Gulf bomb
No. 1 Eglin Field, Dec., 1942. Long horizontel (type B),
short vertical (type C) fins &5 of the Oct. 3, 4, 1942, wind
tunnel measurements. Weight 1000 1lb,, eltituce 15,000 ft.,
plane speed 220 ft. per sec., 53 = 0. Elevator gsattings
0 - 22 sec. 6E = .. 10%; 22 - 26 sec. JE = 0; 26 - end
6! = - 10°. The wind tunnel meusurements of Oct. 3, 4 are
evailable in preliminary form in the Gulf Progress Report
of Oct. 15, 1942 end in better fin:l ferm in the M. I. T.
Progress Report No. 7. From the curve lubelled pitch of
Fig. 27 Gulf Report, or from the Fin B curve of Fig. 16
M. I. T. Report, &n aversge vzlue of pitecn angle & = = 10.6°

is obtained for 5 = = 10°. The next step 1s to construct
C
the bellistic coeff*cient curvas —L and —b ¢3 & function of

altitude. The 1lift &nd drag forces are siven in terms of the
true 1ift ¢nd dreg coefficients by the relations

LscLs‘%-z
1>=cns‘|=‘,vE

where 8 = 1,868 aq, ft. 18 tne cross sectional ares of

(12)

the bomb, and p 1s the air density (standerd velue tcken




6=

as p, = .002378 slugs per cu.ft.). From eguations (2)
L=y v
D= cj V

Combining (12) ;nd (2)

c c
Hedey

Sb c (13)
-2
a *@ b ]
From the Gulf Report Fig. 28, or the M, I. T.
Report Fig. 17:
=0 CLSO CD=0-205
@ = -10.6" C, = - 0.640 Cp = 0.290
Hence for © = - 10.6" end stenderd pressure

c
= 02378 . -4
i* = - 0.640 x 2222 x 1.868 x <292278 = . g 457 x 2074

C
To obtain ;% et any desired eltitude, the velue 0.457 x 10'4

is multiplied by the ratio % for the desired sltitude.

-]
Table I illustretes this for % values corresponding to a

o
ground temperature of 77'?, end a2 pitch angle of 10.6°".
Table I. Computation ochallistic Coefficients.
Altitude 2 (77°F) L, 10t
Py n

o ft. 0.959 0.438
3,000 0.882 0.403
6,000 0.809 0.370
9,000 0.740 0.338

12,000 0.676 0.309
14,000 0.636 0.291
16,000 0.596 0.272
20,000 0.526 0.242
25,000 0.448 0.205
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Fig. 2 gives the three bsllistic coefficient
curves which are necesscry for the cslculetion. The schedule
for this "range only" type of crflculation is illustrated in
Teble I1. Each of the quantities vx,t' vz,t’ Xt, &y is
given by equetions 9, 10 in terms of the guantities for t-1
snd the averege coefficients (5-1) and (G+Hj. These
coefficients are tae &verage vclues betweszn t-l1 snd t and
ere obtcined by extrzpolation from the guantities in the
lest two columns for times t-1 end t-Z. Where there is no

discontinuous chenge in elevator setting

(
ERELE = @)y + 3800, - B0, o)

To start the calculztion, the vclues of X, 2, Vx,
V, are all known for t = G «nd cin be filled in. From the
altitude column (15,000 - 2), and the elevetor satilng, the
balliatic coefficients ere resd off the curves of Fig. 2.
In the lest two columns, we obteir (P-£) end (G+H) velues
for t = 0. To stert tre t = 1 lire, we vse ss (B-1) and
(G+H) the t = O velues for (B-A) end (G+B). For the t = 2
line, we tlreedy have t = 0 ¢nd1 & = 1 valiues of the coeffi-
cients rnd from here on can put in the correet extrapolated
aversge values. It should be noted thut the first thirteen
columns give the desired positions and velocities at the

time t. The remaining columns sre to get the (B-A) &nd

(G+H) coefficients &t the time t in preperstion for the
t+l celculstion.
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At t = 22.0 scc., the elevstor chenges from
63 = - 10" to SE = 0°. The first thirteen columns &re filled
in with (B-F) and (G#H) coefficients obtuined from the t = 21
end t = 20 velues. The remsiaing columns in the t = 22 line
sre filled in with the ballistic coefficlents for the new
setting, since the purpose of these columns 1s to get (B-2)
and (G+H) wvslues in preparzticn for the t = 23 calculation.
To stert the t = 23 line, put in for (B-i) and (G+H) the
velues of (B-A) end (G+H} computed gt t = 22. At the end
of the t = 23 line, we huve coefficients for t = 23, 1If
the aversge of the t = 22 and t = 23 values differ appre-
clably from the epproximate vilues which heve been used,
put in the correct values of (B-Z) snd (G+H) &nd do the line
&gain., For a check on the corputations, first differences
in X &end second differences in Z ere tabulated. In the
tabulation, a fector of 1()'4 is left out in the (; gnd the
S columns, &nd & factor of 10% 1n the VV, &nd ¥V, columns,

o
since these factors will cancel out in the final B, H, A,
c C

end G columns. 7? is slweys positive, i% will be positive

or negative for positive or negative pitch ungles 8. The
significance of the (B-A) and (G+H) coefficients is probebly
obvious, they ere aversge X &nd Z components of accelera-
tion of the bomk. The complete trajectory for the calculation
illustrated by Table II1 is given by Curve 1 of Fig. 4.
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Case II. Azimuth Control Only.

The trajsctory for this case is necessarily three-
dinensionsl. The clevator sngle SE = QO snd hence CL =0,
snd B, E, 65nd B are sll zero. Equetions (6) and (7) become:

vx,t = vx,t-l - (:I:E)t-l't
V4 = Vy o+ COR)ELE (14)
V .=V yb-Lit )

+ 32.2 - (+G+1

z,t Z,t-1

- l —Et-a.,t
Xeo1 * Yy, o1 = 7 (4AHC

& oy E-L,t
Ye.y * Vy,p1 * 3 (DA

_ _1 t=1,t
Zia * vz,t-l +16.1 - 3 (+G+I)
o
where, A = ;P va

c= _%vz(is;)

[} S S
The retios (-¥), (), (F#) will depend upon the particular

kind of roll control which is used. The equetions will be
developed for the gyro control used by the ¥.1.T. and Gulf
high engle dirigible bombs. 1ie outer giwmhal of the direc-
tionel gyro rotates about the longitudinel &xis, anc cerries
& contact erm which operstes the ailerons in such & wey &s o

keep the plene of the vertical fins in the plane of the outer
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gimbal. The wheel of the directione&l gyro wes iritielly
rotating in the X2 plsne snd 11l remsin in this pline. The
axis of rotation of the inner gimbel lies in the plane of the
wheel and hence remsains in the XZ plasne. Siace the outer
gimbal is in the plene of the vertical fins, the axis of the
inner gimbal will be perpendiculer to the plsne of the hori-
zontal fins. The plane of the horizontzl fins is thus perpen~
dicular to & line in the X2 plene, cnd therefore perpendicular
to the XZ plene. This siuwple relation is perfectly genersl,
end applies even with combined piteh &nd yaw. The velation
is so fundamental to the analysis of gyro operation thet we
shall nsme the plane of the horlzontal fins the "Reference
Plene."” The "Reference Plane™ rewsins perperdicular to the
XZ plsne, or stated in esnother way, the "Refevence *lane”™
intersects the ground on 2 line pzrallel to the Y £xis.

With rudder control only (vew only) tie velocity
direction remeins in the plane of the horizontal fins, and
hence the bomb veotor B, the velocity vector V and the side

force vector S all lie in tne raference plane with 8 perpen-

.@icular to V. The releztion i1s shown in Fig. 3 for & positive.
yaw engle V. '
8, = - § sin€ cos §

Sy = S cos¢
§, = - § sin¢& sin &




£Feelations for Yaw only
£Fig. 0.
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For the "yaw only" type of trejectory tue equetions
of motion are given by (14) (15) with the coefficients defined
by equetions (16) znd (17). In & "ysw oniy" trejectory witn
roll orientetion mzintsained %y sdircctionel gyro &5 explained
ebove, the inner giambal will not necessurily remain perpen-
dicular to the outer gilubal., The sngle j through which the
inner gimbal rotetes frow the perpendiculur pcsition cen be
seen from Flg. 3 to be

p=y+&E=y+ tan~te (18)
1t 1s desireble that p be xept smell, sty a<45°, since the
effective component of engulir uwomentum of the gyro &pproiches
zero for @ spproacaing 90°. .

The schedule “or & "yew only? calculstion is illus-~
treted in Table III. &ssume the foliowing conditions: 1long
horizontel end vertical fins (Type B, corresponding to the
horizontel fins of Gulf model Gct. 3, 4 wind tunnel tests),
welght 1000 1bs.; eltitude 20,000 ft.; plene speed 220 ft./sec.;
&E = 03 0 - 15 secs. Sﬁ =2 0, 15 sec. - end 5ﬁ = + 20°, From
the Oct. 3, 4 wind tunnel date (3ulfl Heport Fig. 27 or M. I. T.
Peport Fig. 16) for &y = 20° y = 15.5°%  From Fig. 28 of tne
Gulf Report or Fig. 17 of the ¥. I. T. Feport, the .ift znd
dreg coefficlents tre obtelned for ¥ = O end § = 15.5°. The
side force coefficieqt -Cs is rgpresented s cLy or es CL on
these figuras..'Fron these dete the bellistic coefficient
curves o and ;F ere plotted cgrinst cltitude in the scme wey
&s for the "range only" calculetion.
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In sterting the computetion, the velues of X, ¥,
Z, Vx, Vy, V, vre ¢1l known at t = 0 end cen be filled in.
In the excmple of Teble IlI, many of the columns sre zero
because the initi:l rudder settling was zero. Values of
(1+C), (F-D) end (G+H) are obteined for t = O. Start the
t = 1 celeulation by using for (E+C), (F-D) ead (G¥&) the
velues of (A+C), (F-D) snd (G+H) computed for t = 0. [t
the end of this line, we will heve values of (A+C), (F-D)
and (G+B) for t = 1. It cen then be seen whether the true
average velues between t = O ¢nd t = 1 differ eppreciably
from the epproximate values which hove been used for (F+C),
(F-D) ena (G+B) in making the t = 1 computetion. If the
error is appreciable, the line snould be repezted. Beglmning
with the t = 2 line, coefficients ere avelleanie for ¢t =0

end t = 1 from whicn to extrapolzte the correct averszge

velues. At t = 15 sec., the rudder changes to 53 = + 20,

For the t = 15 line, the first sixteen columns ere filled

in &8 before, the remeining columns ere filled in for the

new conditions since these are preparatory for the t = 16

calculation. The result of the cilculation illustreted by
Teble II1 is shown &s the point for t = 21.5 secs. on the

Y deflection curve of Fig. 1l.
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Case III. Combined Pitch &nd Yaw,

It is sssumed thet the roll orientation of the
bomb is held by the Girectionel gyro so &8 to maintein the
raference plene (plene of norizontel fins) normal to the
XZ plane. Combined pitch ind yew will be produced by the
simultaneous deflection of elev:ztors end rudders. The
aerodynemic force cen be resolved into &« drag coumponent D
parallel to V, =nd & crosswind couponent perpendiculer to V.
The crosswind component can be further resolved into a 1lift
force L in the plane of the verticsl fins normal to V, &nd
a side force 5 in the plana of the horizontsl fins rormal
to V.

4 thorough investigetion: of tlie problem of computing

trajectories for the ctse of combined pitch and ysw was
initieted in November, 1942. A few prsliminsry results umeka
1t look &t lezst probable thet tne best method would be to
discerd the conventionel dreg, lift end side components &nd
work with the cerodynemic force resolved into & set of compo~-
nents which best fit the simplest set of coordinetes to be
used in the trajectory calculations. By & proper cholce of
coordinetes, it should be possible to bury a good desl of the
difficult computation in the tabuistion of the wind tunnel
dats, rcther than going througnh it esch time in tane computa-
tion of & GLbrec-dilwensiuvnel Lrajectary. Due to the termina-
tion of this work &t 4. I. T., the consideration of this
genersl problem hes been stopped.
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Practically no wind tunnel deta &re aveilsble for
combined pitch snd yaw, and hence only approximate trajectory
calculstions can be mede. From the sumuaery of available data
(M.I.T. Report VII p. 15; Gulf Report Oct. 15, 1942, p. 23),
the following conclusions c&n be drawn.

1. The controllsbility curves for combined pitch end
yew remain essentlally the same &s for piteh or yaw elone.

2. At most the 1lift force at trim is decreesed 15 per
cent when the bomb 1s simulteneously yawed.

3. For combined plteh and yuw the drag force is roughly
that due to either one alone plus the increase in the other
over the zero engle value.

Besed upon the above facts, eén epproximate method
for computing combined pitech :nd yaw trajectories cen be
worked out to use wind tunnel date for Litch or yuw only.
Assume the sngles of pltch and yew are glven ‘ndependently
from the usual controllability curves. Assume the 1lift
force L and side force § are each given by the corresponding
values for pltch or yaw ulone. Issume the dreg force is

glven by statement 3 above. Ihe umagnitudes of L, S, and D

are then given 1ln terms of Vz, JE' 6?, Cr Cg, and Cp.

The remaining problem is to set up the equations
by which these forces cuan be resolved into X, ¥, &end 2
components. The dreg foree D is zlong V end nence resolved
by the Ve Vy Vz components which e¢re &ll kanown &t etch step
of the calculation. The side force § 1is in the reference
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plane and hence hendled &pproximately in the same way &8s in
the "ysw only" casc., To set up equctions for the orienta-
tion of L, introduce the following unit vectors.
v*® Velocity direction of bomb.
L® Direction of 1ift force L.
R™ Normsl to the reference plane.
The orientation conditions &re then
LiV"= 0 Lift perpendicular to velocity.
RoV"= cos (90°+ 8) Definition of pitch :ngle.
R; = 0 Gyro orientation cordition.
Lfa" = cos O Lift in plane of vertical fins.
IR = 1M = v = 2
From these equations we obteln
x.; = v; ten ©

*=v. V'Q{V ten © - .& 995—22}
z x Y cos?9

2 . v;z . v;2{v;?- + v’f + 2V3V] sin © - cmze} (epprox.)

Since 0 is elwa;s small

+ 2(—v‘x-v!) sin 9}

For the only case in which & computstion has been
pade, it waes s=ssumed that only & small amount of rudder
would be used and hence Vy is small couwpered to V. Eguations
(19) reduce to




v

—th

v

The minus sign is introduced in the expression for Ls

(as in eguations 11) to correspond to positive L taken
upward. It is evident from (20) that this epproximate
trestment of combined pitch and ysw for small rudder
action, esmounts to tiking the lift as acue to pitch only
and the side force £s due to ysw only.

Introducing (20) und (16a) into the general

eguations (3) =na weking the spproximation for smell V

’D
JGE + VE = V¥V, we obtain

C c c
=-jvv1+%wz—ﬁévyvx

vvy+-?-§v2
‘ vvz-%ith-i vyvl

From equctions (21) & calculstion schedule can
be set up similar to the schedules used for "range only" and
®agimuth only." For trejectori:cs in waich the rudder control
is small) (Vy very smell except perhaps in the lust second or
_ two) the three coefficients involving Vy can oce omitted.

The only combined pitsh end ysw trsjectory which
has been calculated so far using egquetions 21 1s that for
Gulf Bomb No. 9 of the Dec., 1942, Eglin Field tests. The
XZ projection of this trajectory is shown in Fig. 4, end the

XY projection in Fig. 5.
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Projected Ground Position.

The projected ground position of & felling bomb
is the point of iutersection with the ground of the line of
sight from the observer in the plene, to the bomb, to the
ground. It is primerily the projected grouncd position,
rather then the true coordinates of the bomb, which is re-
corded by moving pictures taken from the plene, or which is
seen by the observer in the plane. The simplest cazse to
cansider 1s that in which the plane contlnues to Tly a

streight horizontel course &t constent velocity &fter re-

leasing the bomb.
Let 2 = pltitude of plane
xp = Vp X t = X coordinete of plene

XB, ¥y, %p are the coordinttes of the felling bemb. The
projected ground pcsition 1s then given by the coordinates
xPG’ !PG me&sured from & point on the ground directly under
the release point.

(22)

Examples of computed projected ground positions
are given by Pigs. 6, 7, 8, end 12.
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COMPUTED TRALJECTORIES FOR KGLIN FIRLD TESTS OF DECEMBER,
1942.

Trejectories were coumputed for nine Gulf bombs
essuming the following schedules.

SCHEDULE #ND RESULTS FOR KINL GULF BOMBE 1000 LB. WEIGHT
FEOM ALTITUDE 15,000 FT. IT 150 MI1./HK.

Dange Control On)ly. dedium long norizontal, snort vertical fins.
No. 1 0-22 b= - 10° (Dive) T = 30.8 sec.
22-26 0 X = 4120 ft.

No. 2

25~End
0-21

21-25

25-End

Azjouth Control Only.

No. 3

No. 4

Eers Jest. Medium long

No. §

0-14
14-21
21-25
25-End

0-14
14-19
19-End

0-15
15-20
20-25

- 25-30

30-End

Same as No. 5.. Ears out 4N%.

- 10"

- 20° [Dive)

= 0
= - 20°

Bhort horizontal tnd short vertical fins.

0

- 10°

% " 0

as = ¢+ 10°
b
bg = 4+ 20.

= . 20°

31.2 sec.
2810 ft.

31.7 sec.
6467 ft.
= 976 ft,
31.7 sec.
6456 rt,
=490 ft.

horizontal, short verticel fins.
bg = - 10° (Dive)

T = 31.2 sec.
X = 5,90 ft.

SECRET
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Btebility Test. Long *8ide burns" up to end of cylinder.
No. 7 Same as No. 1 T = 30.8 sec.
X = 2980 ft.

No. 8 0-22 b = - 20° T = 30.7 sec.
22-26 dg= O X = 1320 ft.
26-End bs = - 20°

Roll Torque Test. Short horizontel, short vertliecel fins,

No. 9 0-15 bg = - 10° bg= O T =31.9 secs.
15-20 L bp = * 5° X = 4561 ft.
20-25 " b = = 5° ¥ = -430 ft.
25-End » by = - 10°

The XZ projections of these nine trejectorles &re
shown in Fig. 4. The XY projecticns of the trejectories for
Nos. 3, 4, end 9 cre shown in Fig. 5. The computed projected
ground positions for Nos. 3, 4, &nd 9 are shown in Figs. 6,
7, and 8. Comperison 1ls mede with observed curves obteined
from moving picture records taken from tge plene. The two
curves were plotted to the same scale :na the célculeted
curve then fitted to the observed curve in the early psart of
the flight.

The schedule for bomb No. 7 wes chenged and the
revised form wlll be designeted &8 No. 7&. Skort vertical
fins, long "side burn" horizontsl fins, weight 1000 1b.
elevettor 63 = + 21’ throughout flisznt, 65 = 0. The computed
trajectory is shown in Fig. 9. The experimental curve is
obtained from the theodolite records. In the actual trsajec-
tory, there were violent roll oscilletions in the early part
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of the flight, the bomb swung tarough sbout 90° to the left,
and then fortuitously streigbtened out right side up, snd
executed & long sail. The experimental curve of Fig. 9 1is
.obtuined by folding the two p&rts of the peth into one
verticel plene.

The two M. I. T. Direct Sight Boubs heve been

described in Progress Report No. 6. The bombs were designed
to be steered in azimuth only by on-off rudders (5§ = 0 or 15°).

A trajectory was computed to find the amount of side deflection
obtainsble for the following schedule

0 - 15 secs. JR =0

15 - End ds = 15°

£ltitude 15,000 ft., plene speed 150 m.p.h., weight
1000 1bs.

Fig. 10 shows the XZ projection, and the XY pro-

Jection of this trzjectory. #s seen from the XY projection,
a continuous 15° rudder from 15 seconds on, should achieve
8 side deflection of a little over 3000 ft. This wes con-
sidered to be more than ample controllsbility. It wss con-
cluded thet e side deflection of 1000 ft. wes &as much &8s
would be needed and that this could be reedily obtained
in the lest 10 seconds of flight.
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III. CONTROLLZ!BILITY TRAJECTORIES

Lt the request of H. Spencer, = set of trajectories
were computed to {ind tne emount of side deflection which
could be produced by full rudder 1'or the lest t seconds of
flight. Zssume the stendsrd Gulf bomb, 1000 1lb, weight,
dropped from 20,000 ft., with & plene speed of 150 m.p.h.
2ssume medium long horizontal &nd vertical fins, using the
long fin dets of the Yct. 3, 4 wind tunnel measurements. For

these conditions, the free fell time 1s T = 305.49 secs. snd

the renge is X = 7466 ft. Assume thet 65 = 0 until t secs.

before 36.49 secs. end is then hela &t Jh = 20° until impact.
Complete trajectory calculetions were made for five different
values of t. Fig. 1l shows the resulting side deflections ¥
and the shortening in range AX plotted &gsinst the time of
control. From the parabolic shape of the curve neer the
origin, it is seen that full rudder epplied in the lsst second
or two will not produce much of & side deflection, but &pplied
during the last 5 secs. of flight can produce e side deflec~
tion of &ébout 700 ft. The importent bexring of this point
upon different types of rudder control should not be overlooked.
When & rudder setting is given, it does not by itself produce
either &8 Y deflection or even & Y component o velocity. All
thet the rudder setting echieves is ¢ X component of accelere-
tion. Mny desired vilue of Vy or of ¥ cen then be obtained
only by waiting the necessary time.

Lt the request of the Gulf group, & series of
trajectories were computed to find the effect on side deflection
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and projected ground position of & 5 second eppiiction of
full rudder ct different perts of the flight. Assume the
Gulf bomb of the vct. 3, 4 wind tunnel tests with short
horizontel end verticsl fins. Assume the bomb lotded to
1000 1bs., end dropped from 15,000 ft. at & speed of 150 m.p.h.
The rudder is to be st zero except_duriné & 5 second period
when it is held at & = 20°.

| The results of these calculstions ere shown in
Fig. 12. For each control intervcl there is shown the XY
projection labelled "ground trajectory,® together with the
"projected ground trajectory.®™ The 10-15 sec. intervel
illustretes how misleading the ecrly pert of the projected
ground trajectory can be when the control is applied ezrly.
The bomb appe&rs to be heading for & point with much greater
Y deflection than the final impect point. The lcter the
application of control, the more relieble is the projected
ground trajectory in estimeting the direction in which the
bomb is reelly heading.

Fig. 13 shows the side deflection produced by &

5 second spplication of rudder plotted sgainst the average
time of application. To a first very rough spproximetion,
& 5 second epplication of rudder produces the saume side
deflection regerdless of the time of &spplicetion. The fect
thet & certein emount of deflection corresponds to & certain
number of seconds of control, might heve importent &pplice-~

tion in boumbing practice, particularly on maneuvering ships.

———— e e —e = See e g e e
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IV. TRAJECTORY CONSIDERATIGNS FOR TELEVISION OF T#RGET
SEEKING BOMBS.

Prior to the daropping of the W.I1.T. Television
Bouwbs in the December, 1942, Eglin Field Testas, e set of
trajectory caslculstions were made to explore the possibility
of eliminating ears and mirrors ¢nd thus steering the bomb
with & television camers mounted rigidly along tne bomb &axis.
The considerations involved ere of ilmportence, not only to
television operslion, but &lso to the use of terget seeking
devices.
Represeat the longitudinal axis of che bomb by
the bomb vector B, the direction in which the bomb is moving
by the velocity vector V, snd the direction from bozb to
terget by the target vector TI. These vectors &re ¢1l shown
in Fig. 15. With television equipment the ungle y between
Bend T is seen directly on the receiving screen. With ter-
get seeking devices which zutomatically point themselves
toward the target, the device will set itself &t zn angle y
to the bomb axis. Assuming then & bomb in which y is observ-
eble or sutomatically recorded, how should y be veried in
order to secure a hit? .
In Fig. 15
R = Fange of terget SECRE.T
& = jpltitude of dropping
h =4 -2 = Heigat of bomd
a = tan! ;:

-1 B=x
B = tan ™ Y%

Ye=a-B+0
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Since a and B are determined from (23) et esch step of the
trajectory calculetion, (24) determines the value of pitch
angle O required Lo meintain eny desireg velue of vy.
Trajectories were computed for the ¥. I. T, tele-
vision bombs described 1n Progress Feport Six. The bomb
weight was takem &5 500 1lbs, (half weight), and the bombs
were to be dropped from 15,000 ft. et & speed of 150 m.p.h.

Long fin date of the April 13 wind tunnel tests were used.
4 free fall trajectory for this bomb (JE = JR = 0)

was first computed. The trajectory is shown &s tne curve
"Free Fall" on Fig. 14. The computed renge for this tra-~
Jectory is R = 6132 ft. The point at X = 6132 ft. is then
taken &s the terget for the remeining stetioniry target
trajectories, 1In the remaining calculations, it is assumed
that the bomb fslls freely for the first 10 seconds, is then
put into a 5° dive until the desired value of y is sacured,
and thet velue of v is then held until impect.
The simplest procedure would seem to be to point

the bomb directly st the target (y = 0).

0-10 seconds o= 0
10 sec. ~y=0 O = §°
Remainder vy= 0

The trejectory corresponding to this scnedule is shown as

the curve y = 0 on Fig. 14. The impact point is et 6072, so
the bomb falls short by 60 ft. This merely confirms previous
work which hes indicsted that steering s bomb by keeping it
pointed toward the terget will cause it to fall short in renge.
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The next calculation wes mude assuming the bomb to
be steered by holding it pointed 2° above the target (y = + 2°).
0-10 seconds 0= 0
10 secs, - y = + 2° 0=-5°
Remainder Y=+ 2°
The trajeotory corresponding to this schedule is shown as the
curve y = + 2° on Fig. 14. The ilupact point is et 6135 ft.,

which is only a 3 ft. overshoot &nd pract;cally & direot hit.

The next calculatlon was made for v = + 4°,
0-10 seconds e= 0
0=-5°
Remsinder v=+4°

10 secs. - y = 4°

The trajectory is shown &s the curve y = + 4° or Fig. 14. The
impact point is at 6210 ft. The bomb overshoots by 78 ft.

The results of these stationary target calculations
indicate that for this bomb load, the component of the weight
which tends to meke the bomb fall short in range, is adequetely
compenseted by holding y = 2° during the steering. For the
bomb cerrying the full 1000 1lb. load, the tngle would be about
Y= 4'. 2dditionel calculations indicate thest this value is
not very sensitive to the exact schedule in Lhe early part of
the flight. If the azimuth correction is to be small, then
since there is no component of the welght afiecting the azimuth,
it is sufficient to point the bomb to the same azimuth &5 the
terget. For renge the bomb must be pointed sbove the target
by the proper angle y to &allow for the oomponent of welght
which affects the renge.
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The next step was tc apply these same considerations
to a moving target. The target is &ssumed to be moving forward
at a constant speed of 40 ft. per sec., :nd tu be at the posi-
tion 6132 ft. at the instant of relesse. The first calcula-
tion was madé pointing the bomb &t the Doving terget (y = 0).
0-10 secs. e= 0°
10 secs, - y = 0 e=-35°
Remsinder y= o

The trajectory is shown by the curve y = (' Moving Terget on

Fig. 14. The bomb strikes at 7220 ft., and at this time the
terget 15 at 7468 ft. The bomb falls short by 248 ft.

The next calculation was mede for the same moving
target, with y = + 2°.

0-10 seconds e= 0°

10 secs. - y = 2° 8=-35°

Remainder Y = ¢+ 2°

The trajectory is shown by the curve y = + 2° Moving Target

on Fig. 14. The bomb strikes at 74{41l ft. «nd at this time the
target is at 7479 ft. Although the bomb falls short by 38 ft.,
this is practically a direct hit, and represents s very good
correction for the 1347 ft. that the target hes moved since
release of the bomb.

Since the correct value of y (y=2°) hes coms out to
be the same for both the stationary and the moving targets, it
is évident thet the correct value does not denend very much
upon the wmotion of the target or the exect schedule in the
sarly part of the flight. For & given bomb, &nd & given
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approximete trajectory there is a value of the angle y which
1f msintained duriag say the latter helf of the fli.ht will

properly correct the trajectory in ramge. It seems very

1ikely that direct &pplicatlon could be made of this principle

in television and target seeking bombs.
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